Glucokinase is an ATP-glucose 6-phosphotransferase given a separate classification, EC 2.7.1.2, from the several isoenzyme forms of hexokinase (EC 2.7.1.1); this is justified by the difference in molecular weight, its relatively high K , value for glucose and the fact that it is not significantly inhibited by the product of the reaction, glucose 6-phosphate (Trayer, 198 I) .
Many observations on hepatic glucose metabolism had suggested that this tissue contains a glucose-phosphorylating enzyme with these kinetic properties, and the presence of glucokinase was demonstrated in several laboratories in the early 1960's (see Weinhouse, 1976, for review) . Although earlier studies had indicated a K , of 10-20m~-glucose, a more detailed kinetic study on highly purified enzyme from rat liver showed some kinetic co-operativity towards glucose and a Kt of 5m~-glucose (Niemeyer el al., 1 9 7 5~; Storer & CornishBowden, 1976) . Sigmoidicity in the response to glucose concentration has subsequently been demonstrated for metabolic events in isolated hepatocytes and in cell-free liver extracts from the rat (Bontemps et al., 1978) . One of the best early demonstrations of the positive role of glucokinase in glycogen synthesis from glucose was the species-distribution study by Ballard (1965) ; incorporation of ['4Clglucose into glycogen essentially paralleled glucokinase activity.
More recent studies have, however, cast uncertainties re the precise role of glucokinase in hepatic carbohydrate metabolism. Although glycogen synthesis from glucose when the latter is at a concentration of greater than about 30mM has been repeatedly demonstrated in vitro and also in vivo after the administration of large glucose loads (see Stalmans, 1976 , for review), such experiments are performed under extreme conditions and care is required in their interpretation in case the incorporation of I4C into glycogen is due to exchange rather than net synthesis. The availability in recent years of suspensions of freshly isolated rat hepatocytes has permitted the clear demonstration ) that glycogen synthesis occurs best from gluconeogenic precursors and in the presence of lower (and more physiological) glucose concentrations (approx 10 mM). Similar conclusions were made from studies with perfused liver (Hems el al., 1972; Whitton & Hems, 1977) and in vivo in mice (Baker, 1977) . The formation of fatty acids from glucose in rat liver is a minor pathway both in vivo (Hems et al., 1975) and in vitro (Clark el al., 1974; Salmon el al., 1974; Bloxham ef al., 1977; Katz et al., 1977) . Nevertheless, it remains clear that, for the utilization of glucose when it is available at a substantial concentration, the presence of glucokinase is required (J. .
The recycling between glucose and glucose 6-phosphate that can be demonstrated by using isotopic tracers (Katz & Rognstad, 1976; Katz et al., 1978) requires the simultaneous action of both glucokinase and glucose 6-phosphatase. When the detritiation of [2-3Hlglucose is used an an estimate of the rate of formation of glucose 6-phosphate, the latter is at a maximum when glucokinase activity is high and glucose 6-phosphatase activity comparatively low (Katz et al., 1975) . The effect of the relative fluxes, determined by the relative concentrations of the substrates glucose and glucose 6-phosphate respectively, through the two enzymes upon the intracellular concentration of glucose 6-phosphate is considered to be of likely regulatory significance. Possible roles of this cycling have been discussed (Newsholme & Start, 1973; Hue & Hers, 1974; Katz et al., 1978) . The sensitivity of the rate of glucose 6-phosphate formation to a small change in glucose concentration will be increased by the sigmoidal property of glucokinase noted above and may be part of a more complex circuitory yet to be discovered.
The tissue localization of glucokinase again points to a unique role for the enzyme. Although controversy continues as to whether or not hepatic parenchymal cells contain low hexokinase activity (see, e.g., Walker, 1966; Weinhouse, 1976; Bontemps et al., 1978; Wakelam & Walker. 1980~) . glucokinase is confined to the parenchymal cells and is absent from other liver cell types (Van Berkel, 1979) . On the basis of micro-dissection studies, Katz et al. (1977) consider that the glucokinase activity may be higher in the perivenous regions of liver tissue compared with periportal areas. A number of claims for the presence of glucokinase activity in non-hepatic tissues have been made, some of which were noted by Weinhouse (1976). Davagnino & Ureta (1980) and Allen el al. (1980) have shown by various means that many of those and other reports of non-hepatic 'glucokinase' can be attributed to N-acetyl-Dglucosamine kinase activity. This latter enzyme can phosphorylate glucose, although the K , is very much higher than that of the glucokinase (Allen 8c Walker, 1980a,b) . Although not all the tissues have been positively shown not to possess glucokinase activity, the need to consider this possibility is apparent and the means to do so are provided in those references.
Hepatic glucokinase is also a unique glucose-phosphorylating enzyme in that it is adaptive (see reviews by Niemeyer et al., 19756; Weinhouse, 1976) . This behaviour has been examined in most detail in the rat, in which species activity slowly decreases during starvation or the feeding of carbohydrate-free diet and increases again more rapidly upon re-feeding carbohydrate to such animals. Activity falls to very low values as a result of alloxan-or streptozotocin-diabetes and is restored by treatment with insulin. This type of adaptive behaviour is seen in a number of other species (e.g. Ureta el al., 1971; Willms el al., 1970) . Diabetes associated with ketosis, where there is an absolute insulin deficiency, seems to be invariably accompanied by very low glucokinase activity. The fall in glucokinase activity with starvation does not occur in some species, e.g. guinea pig, dog and some mouse strains; it is not known whether circulatory insulin concentrations change in these examples as it does in the rat. In forms of diabetes associated with both hyperglycaemia and hyperinsulinaemia (e.g. the spontaneous, non-ketotic forms in spiny mice and certain obese mouse strains and in human maturity-onset diabetes), elevated glucokinase activities have been recorded (Willms et al., 1970) . The above facts lend comprehensive support for an involvement of insulin in the synthesis of glucokinase, which is confirmed by the marked fall in glucokinase activity aRer the injection of anti-insulin serum (Niemeyer et al., 1967; Ruderman & Lauris, 1968) . Because ingestion of glucose results in release of insulin in normal animals, it has not been possible to decide whether the substrate glucose plays a direct role in the synthesis of glucokinase or whether all its effects are via insulin (Weinhouse, 1976) . The high amounts of glucose in the insulin-deficient diabetic condition obviously cannot induce glucokinase synthesis alone. Low glucokinase activities appear for the first time in the weaning rat from about 16 days of age onwards, even if the animal is not weaned (Walker el al., 1974) or is weaned on to a carbohydrate-free diet (Walker & Holland, 1965) . Other hormones may also be involved in the complex regulation of glucokinase activity in vivo. These have been discussed by Weinhouse (1976); a role for glucocorticoids is very debatable.
Hormones such as adrenaline and glucagon, which operate by elevating the tissue cyclic AMP concentration, prevent glucokinase synthesis in vivo (Ureta el a/., 1970; Pilkis, 1970) .
A particularly interesting feature reported by Coleman (1977) was that glucokinase activity appeared to be under genetic 592nd MEETING, LONDON control in mice. Certain inbred strains of mice had higher or lower glucokinase activities than most other strains. A study of crosses and back-crosses between two such strains suggested that a single gene was involved in the regulation of enzyme synthesis. The strains showed differing sensitivity towards streptozotocin, and glucokinase activity responded to starvation and refeeding differently. We have confirmed these observations using other strains, but the precise site of the genetic effect remains to be established.
Studies on the regulation of glucokinase synthesis and degradation in viuo have not to date proved feasible for lack of a suitable antibody. Antisera to glucokinase have been described (Clark- ( 1975) that treatment of neonatal rats with tri-iodothyronine plus glucose resulted in precocious development of glucokinase, but showed that the normal increase in the amounts of thyroid hormones circulating in the blood around weaning are not essential for glucokinase activity to be induced precociously by glucose, because the latter can be effected in hypothyroid neonatal animals.
Using the facility to induce up to about 0.3 unit of glucokinase activity/g of liver over a 4 h period in normal 13-day-old rats. we identified a number of factors that contribute to the absence of glucokinase at that time (Wakelam ef al., 1980) . The amount of glucose necessary to effect appreciable induction is greater than that present in milk, and the galactose component of milk sugar is inhibitory. Induction is prevented if insulin release is blocked by administration of mannoheptulose and is inhibited by simultaneous treatment with adrenaline. glucagon, dibutyryl cyclic AMP or isoprenaline. but not with vasopressin or angiotensin 11. The complexities of the situation in vivo make it difficult to distinguish between hepatic and extra-hepatic events. A simpler system is required. but past attempts to use liver slices (Sols ef al., 1965) . the perfused liver (Ruderman ef al., 1967) or cultures of hepatocytes (Walker ef al., 1972; Weinhouse, 1976) to study glucokinase synthesis were unsuccessful. Glucokinase activities in primary cultures of hepatocytes tend to decline as the cells revert to a more foetal type (Walker el al., 1972) . Quite recently N. R. Katz ef al. (1979) . Schudt (1979) and Spence & Pitot (1979) have independently described effects of insulin in uifro upon a slow apparent synthesis of glucokinase in adult rat hepatocytes maintained in culture over 2 or 3 days. Nakamura el al. (1979) reported similar experiments on cells from 14-day-old rats. An essential or enhancing role of glucocorticoids in the synthesis was described in all these reports, and the evidence of Schudt (1979) suggested that glucocorticoid was required for niRNA synthesis. Such experiments are difficult to interpret because. the rate of the increase in glucokinase activity being rather low, it is uncertain whether the added hormone acts more or less directly on enzyme synthesis or is much less specifically a requirement for maintaining the integrity of the cultured cells. This comment is particularly relevant in the light of the following results.
Using hepatocytes isolated from 13-day-old rats under appropriate conditions (Wakelam & Walker, 1980a) , we were able to show that cells incubated for 2h in Medium 199 (which contains 5.5 mM-glucose) plus 0.1 pwinsulin did not synthesize glucokinase, but if the medium contained additional glucose (up to a total of 20.5 mM) a glucose-concentration-dependent synthesis of glucokinase occurred that was of the same order of magnitude as in the analogous experiments in vivo. The synthesis is inhibited by actinomycin D and cycloheximide. The requirement for insulin is concentration-dependent over the range 0.1 -10 nM.
The effects of glucose and insulin in this system can be separated, and are sequential in that order. The raised glucose concentration initiates the process; this effect is sensitive to actinomycin D, but not to cycloheximide, and does not require the presence of insulin. The subsequent effect of insulin does not require the presence of glucose and is inhibited by cycloheximide, but not by actinomycin D (Wakelam & Walker, 19806) . A simple hypothesis based on these observations is that glucose in some way controls a transcriptional or post-transcriptional event, whereas insulin is necessary for translation. This may be the first clear example of substrate induction of an enzyme in a mammalian system, but proof will require the demonstration that the glucose effect results in increased formation of the mRNA for glucokinase.
Tests using analogues of glucose indicate that the specificity of the glucose effect is different from that of any known mammalian hexokinase, glucose-transporting system or other effects of glucose upon liver glycogen metabolism (Stalmans et al., 1974; Whitton & Hems, 1977) . Whatever form of receptor exists and whatever the subsequent events may be, the concentration-dependence requires a mechanistic explanation. The inhibition of the effect of insulin by cycloheximide occurs at a concentration of the latter that inhibits incorporation of [3Hlleucine into total soluble protein. The effect of insulin on hepatocytes previously incubated with a raised concentration of glucose is inhibited by the addition of cyclic AMP that does not lower the measured rate of [ 3H lleucine incorporation into the total protein. Hence the effect of cyclic AMP appears to be a rather specific inhibition of translation, which is unlike other known effects of this nucleotide on protein synthesis in mammalian systems (Rosenfeld & Barrieux, 1979) .
These fascinating observations leave many questions unanswered. The experimental system should provide the means of examining the effects of other hormones on glucokinase synthesis. Because no concentration effect has been reported by other workers in hepatocytes from adult animals and we cannot observe it either, it appears that this effect of glucose may only operate in hepatocytes from animals at the developmental stage when precocious induction is possible. If this is so, then it is difficult to see how the glucose concentrations required to initiate glucokinase synthesis in hepatocytes in uifro could arise in viuo to induce normal synthesis in the weanling rat. It remains possible, therefore, that glucose may be only one of several inducers that perhaps act synergistically: the presence of such other factors remains to be explored. 
